We have determined by means of first principles quasiharmonic calculations the elastic constants and acoustic velocities of MgSiO 3 perovskite, the most abundant mineral of the Earth's lower mantle (LM), at pertinent pressures and temperatures. Using these results, along with the effects of low concentration iron alloying and the thermoelasticity of the most important secondary LM phase, MgO, we predict the isotropic elastic moduli of likely LM aggregates. Comparison with seismic values extracted from the preliminary reference Earth model indicates that the top of the LM behaves as a typical aggregate of pyrolitic composition, likewise the upper mantle. But systematic deviations that cannot be accounted for by alterations in the geotherm alone develop toward the deep LM. This result could be viewed as evidence in support of radially inhomogeneous LM models.
First principles calculations of structural [1] and thermodynamic [2 -4] properties of complex earth forming minerals have emerged in the last decade as a powerful addition to experimental high pressure techniques in mineral physics. Although experimental progress has been steady [5, 6] , elasticity measurements at lower mantle conditions still pose considerable challenges. Here we report the single crystal and aggregate elasticity of MgSiO 3 perovskite, the most abundant mineral in the Earth (perhaps 55% in mass). It exists in the lower mantle (LM) and its properties determine, to a great extent, the properties of this region. The LM is the largest continuous region of the planet extending from 670 to 2890 km of depth, where thermodynamic conditions vary from about 23 GPa and 1900 K to 135 GPa and maybe 4000 K [7] . These elastic constants are used to predict acoustic velocities of hypothetical LM mineral aggregates. Comparison with observed seismic velocities in this region [8] are then made to test standard homogeneous mineralogical LM models and elucidate the present state of this layer. This information is necessary to resolve, among other things, the style of thermochemical convection operating in the mantle today [9, 10] .
Our approach [2] exploits the volume and strain dependence of the vibrational frequencies to determine the thermal contribution to the free energy within the quasiharmonic approximation (QHA). The elastic constants shown in Fig. 1 P (G Gibbs free energy, i strains, V volume, C V specific heat, S entropy). The basic details of this calculation are the same as those reported previously [3] (see [11] , Fig. 1 , and Table I captions) . Experimental validation of these results is possible only at ambient conditions for which there are ultrasonic [6] and Brillouin [5] measurements. Table I shows that differences between calculated and measured elastic constants are relatively small and nonsystematic (see [11] , Fig. 1 , and Table I captions) . This is reflected in the good agreement between calculated and measured aggregate moduli [16] , K S and G, which averages out individual discrepancies. The values of predicted properties are nearly independent of the order used in the finite strain expansion of the free energy (third or fourth order) [3] as long as these are restricted to the (P; T) range of validity of the QHA. The latter has been determined by disregarding results beyond which @ 2 P;T @ 2 T P 0 at high T's, P; T being the thermal expansion coefficient [3] . @G=@T at ambient conditions is ÿ0:026 GPa=K, similar to the values obtained by ultrasonic shear velocity measurements [6] [17] . The present calculation supports the latter view, which will be fully explored somewhere else. Here we address the former assertion only. Figure 1 displays our elastic constants and those calculated by Oganov et al. [4] using molecular dynamics. In principle both approaches are equivalent but, in addition, theirs accounts fully for anharmonic effects (intrinsic T effects). On the other hand, the limited sampling of configuration space determined by the 80 atom simulation implies in larger statistical uncertainties (our calculation is equivalent to a 1280 atom simulation). Their results (see the (1) shifted by P 5 GPa (see [11] ) and (1 ) unshifted; (2) range of values obtained in static density functional theory calculations ( [18, 19] , and references therein), including this one; (3) experimental values obtained by Brillouin [5] and ( ) ultrasonic [6] measurements; (4) at ambient conditions (shifted by 5 GPa) and at (4 0 ) 300 K and 100 GPa (shifted by 5 GPa). Pressure and elastic constants in GPa, velocities in km=s, temperature in K. [11] ). Full (dashed) lines correspond to results within (outside) the (P; T) regime of validity of the QHA. Measurements are represented by full circles at 0 GPa [5] . Full symbols at P > 0 GPa are the results of Oganov et al. [4] at 38 and 88 GPa (squares: 1500 K, diamonds: 2500 K, up triangles: 3500 K). 9 JANUARY 2004 which are the basis for an important insight, hinted earlier [3] but fully derived here, regarding the homogeneity of the LM (see below). Figure 2 (b) also displays the aggregate moduli obtained using the potential induced breathing method and variable cell shape molecular dynamics [12] . The agreement with those results is also reasonable; however, there are subtle but important differences on K 0 S and @G=@T (see below). . This trend had already been revealed by our calculations of the single crystal isotropic compressibility of MgSiO 3 [3] and by an earlier extrapolation of a combination of first principles results at T 0 K and high T experimental data [14] to LM conditions [15] . Like V PREM S , G PREM also seems to agree closely to the 2500 K isotherm of G, another consequence of the insensitivity of . Since static elasticity calculations are in close agreement (see Table I and [18] ) and first principles high T calculations performed to date [3, 4] reveal similar trends for K S , it seems that the trends once again revealed here for K S are robust, reproducible, and might be meaningful. Now we also have detailed results for G, G 0 , and @G=@T. Calculations by Oganov et al. [4] for a few P; T's offer consistent gradients for both moduli (see the Fig. 2(b)  caption) . In fact their isothermal pressure gradients for K S and G are slightly larger and smaller, respectively (see Fig. 2(a) ), which would enhance the observed trends and further support the insight we are about to derive. K 0 S 's and @G=@T's by Marton and Cohen are somewhat smaller and seem to lead to different conclusions [12] . Figure 3 displays K S and G for isotropic and homogeneous mineralogical models along a standard adiabatic geotherm [13] that nearly coincides with the isentropes of MgSiO 3 and MgO [2, 3] . The mineralogical models are pure perovskite, Mg 1ÿx ; Fe x SiO 3 , with 0:0 < x < 0:12 and a typical pyrolite [21] consisting of 20 -30 V% of magnesium wüstite, Mg 1ÿy ; Fe y O, with 1 < y=x < 4. The effect of Fe on the elasticity of perovskite was calculated at T 0 K [19] and is assumed to be T 3 (color) . Bulk (K S ) and shear (G) moduli for Mg 1ÿx ; Fe x SiO 3 -pv and pyrolite with 20% < V mw < 30% (mw Mg 1ÿy ; Fe y O) along the Brown and Shankland geotherm [13] . 0:0 < x < 0:12 and 1 < y=x < 4. The effect of Fe on the elastic moduli of pv and mw were extracted from [19, 20] , respectively. ]. They are cited in the following order: this work, [4] , and [12] . [5] and up triangles [6] , respectively, at P 0 GPa. Full circles are PREM data [8] . 9 JANUARY 2004 independent. The effect of Fe on the elasticity of magnesium wüstite is assumed to be that determined at room temperature [20] (see the Fig. 3 caption) . The major difference between the two mineralogical models is the overall smaller pyrolitic K S which agrees reasonably well with K PREM S in the upper part of the LM (down to 1400 km depth or 55 GPa). Both models describe G PREM reasonably well in the upper LM for reasonable ranges of x and y=x. However, regardless of the content of magnesium wüstite, x, or y=x, with increasing depth K PREM S and G PREM seem to depart consistently and in opposite directions from the values predicted along this adiabatic geotherm. For depth greater than 1400 km, K S and G develop pressure gradients that are slightly larger and somewhat smaller than PREM's, respectively. Modification of the geotherm would alter K S and G simultaneously in the same direction. Inclusion of possible anelastic effects [22] will make it even more difficult to reconcile G PREM with values of G predicted for reasonable geotherms and compositions in this range. The elasticity of other phases, such as CaSiO 3 [23] that could be present by up to about 5 V%, or Al2O 3 [24, 25] which forms a solid solution with MgSiO 3 , must also be investigated in greater detail before a more precise conclusion can be reached. However, unless their elastic behaviors differ considerably from MgSiO 3 's, particularly their pressure and temperature gradients, current results suggest that the deep and the shallow LM differ somehow. This might be the faint spherically averaged signature of low contrast, diffuse, and wide topography boundaries in the middle of the mantle [9, 10] resulting from changes in mineral composition, subtle phase changes [23, 26] , including those involving substitution mechanisms [25] , rheology, anisotropy, or a combination of all in a perovskite-dominated LM. Its upper part behaves as a typical pyrolitic aggregate, likewise the upper mantle. However, below a certain depth that we loosely place at 1400 km, models encompassed by those considered here seem less adequate. This result may be viewed as evidence in support of radially heterogeneous LM models. 
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